(Received 14 February 2013; accepted 8 July 2013; published online 26 July 2013) We report that multiple and transitional flow boiling regimes in microchannels can be reduced into a single annular flow from the onset of nucleate boiling to the critical heat flux condition. Hydrophilic silicon nanowires directly grown on inner walls of microchannels were tailored to create boiling surfaces with optimal submicron pores surrounded by nanogaps through controlling the height and density of silicon nanowires using the nanocarpet effect. A single two-phase regime can be realized by controlling the flow structure in two aspects: reducing bubble size and transforming the dominant surface tension force from the cross-sectional plane to the inner-wall plane. Interest in two-phase heat and mass transfer in microfluidic systems has been rapidly growing because of its wide range of applications in diverse scientific and engineering disciplines including biology, 1 chemistry, 2 and thermal management. 3, 4 However, two-phase flow regime transitions in conventional microchannels [5] [6] [7] are challenging to predict, often transport processes at the micro scale are not designed properly, which in turn, hinders performance and can cause severe two-phase flow boiling instabilities. 4, 5, [7] [8] [9] [10] Although previous studies applied nanostructured surfaces inside microchannels to suppress flow boiling instabilities, 10,11 the flow regimes in these studies were not exclusively annular flow and hence the significant enhancement of critical heat flux (CHF) was not reported without using inlet restrictors (IRs).
The two-phase flow regimes are multiple and transitional. Four principle flow regimes including bubbly flows, slug flows, churn flows, and annular flows are widely accepted and carry some unique traits at the micro scale. 6, 12 The two-phase flow structures in microchannels are primarily governed by bubble confinements, liquid and vapor interactions, and forces such as surface tension force and drag force. In this experimental study, we demonstrated that these three important factors can be controlled by tailored superhydrophilic silicon nanowires (SiNWs), which are approximately 20 nm in diameter and 5 lm long as shown in Fig. 1 . The SiNWs boiling surfaces were designed with the aim of producing small-sized bubbles and transferring the direction of dominant surface tension force 7, 13 from the cross-sectional plane to the inner-wall plane. As a result, a mechanism to regulate bubble nucleation, separation, and two-phase flow regimes was formulated. The multiple flow boiling regimes can be reduced to a single one termed "single annular flow." This single flow regime, which radically prevents two-phase flow regime transitions, was experimentally demonstrated to be self-stabilized. Compared to boiling with multiple and transitional regimes, 6 CHF under the single annular flow was enhanced approximately 300% with mass fluxes ranging from 113 to 389 kg/m 2 Ás without using IRs. Such dramatic enhancements should be primarily resulted from the unified flow boiling regimes. The highly stabilized flow boiling phenomena with high CHF are desirable for applications of high heat flux energy conversion and thermal management. 4 Equally important, the rigorous generation of high-density micro-and sub-microscale vapor bubbles (i.e., nanobubbles) with extremely high surface area to volume ratio ($10 6 m À1 ) will enable emerging nanotechnologies in environmental science 14 and biotechnology. 15 In this letter, subcooled flow boiling was studied in a microchannel array consisting of five parallel channels (length, width, and depth: 10 mm, 200 lm, and 250 lm). Except for the top surface of microchannels, which was covered by Pyrex glass for visualization windows, SiNWs were directly grown on all inner walls ( Fig. 1(a) ). The SiNWs 16 were oxidized to achieve superhydrophilicity (apparent contact angle, h is approximately 0 ) using the Wenzel effect. 17 Guided by the Hsu's model 18 and previous work, 19 the optimal range of nucleation cavity size on the superhydrophilic boiling surfaces (by assuming h between 0.1 and 1 )w a s estimated from approximately 100 to 2000 nm. 18, 20 The boiling surfaces with optimal submicron pores (formed by NW bundles) surrounded by nanogaps (created by individual NWs) were then synthesized from SiNWs by controlling the height and density of SiNWs (Figs. 1(c) and 1(d))usin g the nanocarpet effect ( Fig. 1(b) ). 21 The average diameter of pores was measured at 466 nm from SEM images.
Near the inlet area, where heat transfer is dominated by nucleate boiling, the diameters of vapor bubbles were significantly reduced to be less than 5 lm (termed as nanobubbles or NBs in short). The explosive boiling in microchannels Fig. 2(c) , the smaller vapor NBs are also presented in supplementary materials. 20 As aforementioned, the two-phase flow structures in microchannels are primarily governed by bubble confinements, liquid and vapor interactions, and forces such as surface tension force and drag force. By reducing bubble size and preventing bubble from coalescence, the bubble confinements in the upstream of microchannels were effectively managed and, hence, the interactions between bubbles and fluids were altered. First, the bubble size can be reduced by decreasing cavity size and minimizing the anchoring surface tension force. When bubbles are smaller than approximately 5 lm (Fig. 2(e) ), the buoyancy force are insignificant. 23 As a result, the bubble separation process (i.e., bubble departure) would be primarily governed by the anchoring surface tension force (F s ¼ 2pR c r sin h), 24 the lifting inertial force, F m ,a n d the drag force ( [24] [25] [26] where R is the bubble radius; R c is the cavity opening radius; V is the bulk fluid velocity; h is the apparent contact angle; r is the surface tension; q l is the liquid density; and C D is the drag coefficient. 25, 27 Imposed by F m and F d , which was estimated approximately one order of magnitude higher than F s ,t h e bubbles could be swiped off from their nucleation cavities at small sizes. Second, as previous study 28 suggested, micro bubbles could be broken up into smaller bubbles by contacting with subcooled liquid. In this study, flow boiling experiments were conducted with a subcooling degree of approximately 40 K. It is possible that small bubbles could be prevented from coalescing into large bubbles during a subcooled flow boiling near the inlet area. In a saturated condition in the downstream, these small bubbles eventually coalesced to form a vapor core in each microchannel (Figs. 2(b) and 2(c)). It should be noted that the orientation of SiNWs on two-phase behaviors was not quantified in this study and will be investigated in the future.
In this study, the flow patterns were no longer dominated by the surface tension force in the cross-sectional direction. The capillary pressure (p c ¼ 2r cos h=R c ) induced by the superhydrophilic SiNWs in the inner-wall planes is approximately 10 5 Pa, which is at least two orders of magnitude larger than that generated in the cross-sectional plane of a microchannel (p c ¼ 4r cos h=D h , i.e., approximately 600 Pa), where D h is the hydraulic diameter of the microchannel. Thus, the direction of dominant forces was transformed from the cross-sectional plane (Fig. 2(a) ) to the inner-wall plane (Fig. 2(b) ) during flow boiling by hydrophilic SiNWs. 10, 19, 29 As a result, the liquid slugs would be sucked into SiNWs and disappeared as evinced in Figs. 2 and 3, which eventually leads to a full separation of liquid and vapor flows and the formation of a single annular flow (Figs. 2(b), 2(c), and 3(a) ). The capillary force also introduced strong local capillary liquid flows along the inner solid walls, and the high frequency rewetting processes ranged from 23.3 to 53.7 Hz (Fig. 3(b) ). Additionally, the high Weber number of vapor flow in a microchannel, We, was estimated at a magnitude of 10, 20 which indicated a strong shear stress effect. The overall characteristic of two-phase flow is annular and single in SiNW microchannels, which is radically different from the multiple flow boiling regimes including the annular flow in existing studies 5, 7, 12, 30 since the vapor core grows and shrinks in a periodic manner. In this study, the maximum Reynolds number, Re, of vapor flows was less than 2300. 20 The periodic behaviors were observed during entire laminar range of flow boiling from onset of nucleate boiling (ONB) to CHF conditions.
The major characteristics of the single annular flow during flow boiling in microchannels enabled by superhydrophilic SiNWs are summarized in Fig. 3 and also presented in supplementary materials. 20 Initially, a vapor core occupied the center of a channel in a periodic annular flow. The contact area between the vapor core and the glass cover was small as observed at a top view (0 ms in Fig. 3(a) ). Nucleation boiling and thin film evaporation dominated the upstream and downstream of a microchannel, respectively, as shown in Figs. 2(b) and 2(c), because of the vapor quality increasing in the lateral direction. The vapor core rapidly grew because of the efficient phase-change heat transfer and eventually approached the SiNW walls (from 0 ms to 7.9 ms in Fig. 3(a) ). As a result, the unsaturated superhydrophilic SiNWs (i.e., partially dryout) (Fig. 1(c) ) in the downstream instantly act as wicking nanostructures to activate capillary flows at an average velocity of 0.73 m/s (Fig. 3(c) ) along walls (at t ¼ 10.8 ms in Fig. 3(a) ). Additionally, as shown in Fig. 3(c) , both of the average and maximum velocities are substantially higher than the average bulk liquid velocity measured at the inlet (i.e., 0.304 m/s), which well evidenced the existence of the SiNWs induced capillary flows on inner walls. More importantly, because of the direct condensation at the vapor-liquid interface, the vapor core would then shrink and lead to fast rewetting flows (from 20.1 ms to 21 ms) as shown in Fig. 3(a) , which should be primarily driven by the imposed pressure drop on microchannels. The rewetting flows flushed the vapor out of microchannels at a speed of 6.5 m/s as measured (Fig. 3(c) ). The rewetting frequency strongly depends on input heat fluxes and mass fluxes ( Fig. 3(b) ), which implies the intensified evaporation/boiling would induce a faster growing vapor core and then a faster rewetting process. The flow pattern then repeated at a distinct frequency. Reverse vapor flows near the inlet manifold of microchannels were observed. However, the liquid supply was not interrupted or even retarded because of the strong capillary flows on inner walls.
In the traditional microchannel configurations, the unpredictable flow regime transitions can cause severe flow boiling instabilities and as a result, suppress evaporation and advection. 4, 7, 9, 31 As illustrated in Figs. 4(a) and 4(b),fl o w boiling in the single annular flow was self-stabilized in terms of mass flow rate (fluctuations less than 1%) and wall temperature (fluctuation less than 2%) by radically avoiding the flow regime transitions. Data reduction and experimental procedure are detailed in supplementary materials. 20 The Dp-G (i.e., pressure drop versus mass flux) maps were still in "N"-shape (Fig. 4(c)) ; however, the static and dynamic instabilities occurred in traditional flow boiling 4, 31 were radically suppressed by effectively managing the bubble confinement, separating liquid and vapor flows, and transforming the directions of surface tension force. The standard deviation (SDs represented as the error bars in Fig. 4(c) ) was also used to quantify flow boiling instabilities by examining the fluctuation of the system pressure drop. The results in Fig. 4(c) show that the fluctuations of pressure drop in the single annular flow regime were substantially reduced compared to those in smooth microchannels. 10, 31 As a result, CHF was enhanced approximately 300% comparing with plain-wall microchannels with mass fluxes ranging from 113 to 389 kg/m 2 Ás (Fig. 4(d) ). In summary, a single annular flow regime during flow boiling in microchannels, which is self-stabilized and effective in enhancing CHF by radically removing the flow boiling regime transitions, was experimentally demonstrated in the laminar flow. The mechanisms behind the formation of the single annular flow regime were discussed. This study indicates the feasibility to control two-phase flow structures and hence, two-phase transport at micro/nanoscale. The intrinsic merits of the single annular flow regime should be highly desirable in all areas pertinent to two-phase transport at micro/nano scale. 
